Nitric oxide (NO) plays a key role in placental biology, and placental dysfunction is the main pathogenesis pathway for preeclampsia, yet the direct placental targets of NO actions have not been determined. Covalent adduction of an NO moiety to cysteines, termed S-nitrosylation (SNO), is emerging as a key route by which NO can directly modulate protein functions. This study was conducted to analyze global S-nitroso (SNO)-proteins in human placentas and to determine if their levels differ in normotensive versus severe preeclamptic placentas. Although total nitrite/nitrate increased, total levels of SNO-proteins and nitrosylated forms of endothelial NO synthase and heat shock protein 90 were decreased by preeclampsia. We further compared normotensive and preeclamptic placental nitrosoproteomes (total SNO-protein profiles) by using a biotin and CyDye switch test combined with two-dimensional fluorescence difference gel electrophoresis (2D-DIGE) and identified SNOproteins by matrix-assisted laser desorption/ionization time-offlight mass spectrometry. Numerous SNO-proteins were displayed as spots on 2D-DIGE gels. One hundred spots of interest were excised; 46 spots were identified, of which 8 spots were novel SNO-proteins; levels of 15 spots were increased, and 6 spots were decreased, and the rest were unchanged by preeclampsia. Pathway analysis suggested that placental SNOproteins are involved in regulating various cellular functions including protein synthesis, cell movement and metabolism, cell signaling, and other functions. These data therefore show for the first time that SNO is a crucial mechanism by which NO directly regulates placental proteins linked to various biological pathways. The significantly altered placental nitroso-proteome in preeclampsia suggests that SNO plays a role in the placental pathophysiology in preeclampsia.
INTRODUCTION
Preeclampsia complicates 5%-7% of all pregnancies worldwide and currently remains a major cause of maternal, fetal, and neonatal morbidity and mortality. It is diagnosed primarily by the onset of hypertension and proteinuria after 20 weeks of gestation. Severe preeclampsia is often complicated with the hemolysis, elevated liver enzymes, and low platelet count (HELLP) syndrome and/or fetal growth restriction [1] . The placenta has a central role in preeclampsia as evidenced by rapid disappearance of the disease symptoms after delivery or elective removal of the placenta but not the fetus [1] . Although the pathogenesis of preeclampsia is complex and still under intense investigation, endothelial dysfunction has been identified as a hallmark of preeclampsia [2, 3] . Most if not all of the theories proposed for the pathogenesis of preeclampsia are somewhat pointed to impaired spiral artery remodeling and insufficient trophoblast invasion [2] . Due to its potent vasodilator effects, nitric oxide (NO) plays a crucial role in lowering vascular resistance of the uterus and placenta unit throughout pregnancy. The decreased vascular resistance further enables local blood flow to rise to meet the growing needs of the fetus [4] . NO also regulates trophoblast function [5] . It is empirically accepted that pregnancy upregulates the NO system. This is important for pregnancy because inhibition of NO production generates preeclampsia-like symptoms in pregnant rats [6] , and dysregulation of NO production is implicated in preeclampsia and intrauterine growth restriction [4] . Moreover, litter size is reduced in mice lacking the endothelial NO synthase (Nos3) gene [7] . However, it is noteworthy that the current understanding of NO biology in pregnancy remains principally at the stage of deciphering how NO is synthesized via the NOS family of isozymes including neuronal NOS (NOS1), inducible NOS (NOS2), and NOS3 by stimulation or pregnancy itself; how NO regulates placental protein functions and how this relates to placental biology and pregnancy are unknown.
Formation of cyclic guanylate monophosphate (cGMP) is the classical route by which NO elicits its biological functions [8] ; however, many bioactivities of NO are now recognized as cGMP-independent [9] . NO is a gaseous molecule; its short half-life (;1 sec) makes its working distance relative short (;30 lm) [10] . Logically, endogenously synthesized NO can be trapped to act only within a few layers of cells; this favors endothelial cells for the action of NOS3-derived NO in an autocrine/paracrine fashion. However, once formed, NO can be quickly converted to reactive nitrogen species (RNS) such as N 2 O 3 , ONOO À , NO 2 À , NO 3 À , and others [11] . These RNS can add a nitro (NO 2 ) group to the ortho-carbons of the aromatic ring of tyrosine; this is termed protein nitration [9] , which has been linked to nitrosative stress in preeclamptic placentas [12, 13] . These RNS also can donate an NO moiety (NO ) to cysteines in a protein or peptide to produce S-nitrosothiols, which is termed S-nitrosylation (SNO) [14] [15] [16] . S-nitrosothiol possesses many NO-like biological functions but with a much longer biological half-life than NO [17, 18] , serving as a reservoir for bioavailable NO [19] . This theory is of major importance in NO biology and medicine because this mechanism extends the biological functions of NO to an endocrine fashion so that NO can act on cells and/or organs far from where it is produced [17] . SNO has a critical role in the cardiovascular system, as is clearly implicated in the phenotypes of mice lacking the major S-nitrosoglutathione (GSNO)-metabolizing enzyme GSNO reductase, ADH5. In Adh5 À/À mice, GSNO turnover is required not only for preventing the accumulation of S-nitroso (SNO)-proteins that predisposes Adh5 À/À mice to dysregulation of blood pressure, but also for regulating SNO turnover in the context of physiological signaling, which is especially important for regulation of blood pressure and vascular homeostasis [20, 21] , as well as angiogenesis [22] .
Although NO is important for the maintenance of normal pregnancy and S-nitrosylation represents a major route for NO to directly regulate protein functions, information on protein nitrosylation and its roles in placental biology is very limited. Dash et al. [24] reported that decreased caspase 3 activity via nitrosylation [23] is not linked to the protective effects of NO in human extravillous trophoblasts. However, they also showed that nitrosylation of proteins at the leading edge of migrating trophoblasts via NOS2 promotes trophoblast invasion [25] . In order to fully explore protein nitrosylation in human placenta and its implications in the pathogenesis of preeclampsia, our current study was designed to develop a comprehensive approach for analyzing human placental nitroso-proteomes (total SNO-protein profiles) and to test a hypothesis that SNOprotein targets and their levels were differentially altered in the placentas from normotensive and preeclamptic pregnancies.
MATERIALS AND METHODS

Chemicals
All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise specified.
Placental Tissue Collection
Placentas were collected immediately after delivery from normal term (40 weeks) and severely preeclamptic pregnancies (n ¼ 6/group) at Louisiana State University Health Sciences Center, Shreveport, LA (LSUHSC-S). Tissue collection was approved by the Institutional Review Board, with a waiver of consent from the LSUHSC-S. Villous tissue was isolated by sterile dissection. The tissue segments were washed thoroughly with cold phosphate-buffered saline (PBS) to remove blood from the intervillous spaces and then snap frozen in liquid nitrogen for storage at À808C until assayed. The demographic data of the study subjects are summarized in Table 1 . Severe preeclampsia was defined as maternal blood pressures of !160/110 mm Hg in two separate readings at least 6 h apart and significant quantitative proteinuria (!3þ on urine dipstick or more than 2 g of total protein accumulated in a 24-h urine sample), as well as oliguria, cerebral or visual disturbances, pulmonary edema or cyanosis, epigastric or right upper-quarter pain, impaired liver function, thrombocytopenia, or fetal growth restriction. Smokers were excluded. None of the study subjects had prolonged rupture of membranes or signs of infection.
À in placental homogenates were measured by using a nitrate/nitrite colorimetric assay kit (Cayman Inc., Ann Arbor, MI). Placental tissue samples (;20 mg each) were homogenized in PBS (pH 7.4) and centrifuged at 10 000 3 g for 20 min. The supernatant was collected, and protein content was determined by using a bicinchoninic acid protein assay kit (Thermo Scientific, Rockford, IL). The homogenates were further filtered by using a 10-kDa molecular mass cutoff filter (Millipore, Billerica, MA) to remove large molecules before NO 2 À /NO 3 À measurement. The levels of total NO 2 À /NO 3 À were calculated according to a standard curve generated with sodium nitrate. The results were normalized with total protein levels.
Biotin Switch Technique and Avidin Capture of SNO Proteins
SNO-proteins were determined by using a SNO protein detection assay kit (Cayman Inc.) following the manufacturer's instructions. Placental tissue samples (;50 mg each) were homogenized in buffer A containing blocking reagent. Protein content was measured with a Bio-Rad procedure using bovine serum albumin as the standard. All samples were normalized to 0.3 mg/0.8 ml and then placed in 1.5-ml amber Eppendorf tubes. After incubation in buffer A containing blocking reagent at 48C in the dark for 30 min, the samples were clarified by centrifugation (10 min, 48C). The supernatants were transferred into 2-ml tubes and mixed with precooled acetone (1:4, vol/vol), and total proteins were precipitated at À208C for 2 h. After centrifugation, the pellet was resuspended in 0.8 ml of buffer B containing the reducing agent sodium ascorbate and N-[6-(biotinamido)hexyl]-3 0 -(2 0 -pyridyldithio)propionamide (biotin-HPDP) and further incubated at room temperature in the dark for 2 h on a rocker with gentle agitation. The proteins were acetone precipitated again as described above. The pellet was thoroughly dissolved in 200 ll of HENS buffer [250 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.7, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM neocuproine, 1% sodium dodecyl sulfate (SDS)], and then neutralized by adding 400 ll of neutralization buffer (20 mM HEPES, pH 7.7, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100). A portion of the samples was saved for immunoblotting of total SNO-proteins with anti-biotin antibody. The rest (;0.25 mg/sample) was mixed with 50 ll of NeutrAvidin protein-coated beads (Thermo Scientific) and incubated at room temperature for 6 h. The beads were thoroughly washed with buffer C (20 mM HEPES, pH 7.7, 600 mM NaCl, 1 mM EDTA, 0.5% Triton X-100). The avidin-captured biotinylated SNO-proteins were eluted from the beads with 100 ll of 13 SDS sample buffer containing 1 mM dithiothreitol (DTT) at 378C for 20 min and then analyzed for specific proteins of interest by immunoblotting, as described below.
SDS-PAGE and Immunoblotting for SNO Proteins
Protein samples were dissolved in 13 SDS sample buffer without DTT or b-mercaptoethanol and boiled for 5 min. Proteins were separated using 8% SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes and immunoblotted with anti-biotin antibody (Cell Signaling, Beverly, MA). All SNO-proteins in each lane were summed for the level of SNO-proteins of the sample. Individual SNO-proteins were measured by immunoblotting of the avidin-captured biotinylated SNO-proteins by specific antibody, including anti-NOS3 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-HSP90 (Invitrogen BD, Carlsbad, CA), and anti-b-actin (Ambion, Austin, TX).
CyDye Switch and Two-Dimensional Difference in Gel Electrophoresis
After blocking free thiols in the total protein extracts of the placental samples by using the biotin switch technique (BST) described above, 100 lg of total proteins sample was resuspended in 30 ll of reducing buffer (30 mM TrisHCl, pH 8.0, 7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-sulfonate, 1 mM sodium ascorbate). Following incubation at 378C in the dark for 1 h, 4 ll of 2 mM CyDye two-dimensional difference in gel electrophoresis (2D-DIGE) saturation dyes (GE Healthcare, Buckinghamshire, U.K.) were added to the reaction mixtures (Cy3-normal and Cy5-preeclampsia, separately) and mixed well. The samples were further incubated at 378C for 30 min in the dark, and 35 ll of 2 3 2D sample buffer was added and mixed. The samples were immediately stored at À708C until 2D-DIGE was performed. The CyDye (Cy3 and Cy5) switched samples were mixed just before 2D-DIGE sample loading. For analytical 2D-DIGE, 50 lg of . After electrophoresis, the gel was scanned with both Cy3 and Cy5 channels, using a Typhoon image scanner (GE Healthcare). ImageQuant software (GE Healthcare) was used to generate the image presentation data including the single and overlay images, which were subjected to DeCyder software analysis (GE Healthcare). A ratio of the relative Cy5:Cy3 fluorescence intensities of the same spot was calculated based on an algorithm to adjust the difference of the loaded SNO-proteins in the paired samples.
Protein Identification by Matrix-Assisted Laser Desorption/ Ionization-Time of Flight Mass Spectrometry
After 2D-DIGE and spot analysis using DeCyder software, spots of interest were chosen according to intensity and visibility and were excised from 2D gel with an Ettan Spot Picker (GE Healthcare). Each spot was trypsin digested and then analyzed using matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF-MS). The spectra (peptides) of each digested protein spot were subjected to a database search using GPS Explorer software with the MASCOT search engine (http://www.matrixscience.com) to identify proteins from the National Center for Biotechnology Information nonredundant Homo sapiens amino acid sequence database [26] , with oxidation and carbamidomethyl and phosphorylation as variable modifications. The highest protein scoring hit with a protein score confidence interval (CI) of more than 95% from the database search for each 2D gel spot was accepted as positive identification.
Pathway Analysis and Statistics
An Ingenuity pathway analysis (www.ingenuity.com) tool was used to perform pathway analysis of the identified SNO-proteins. A positive result was defined as log (P value) . 1.30 (P , 0.05). Statistics were performed using SigmaStat version 3.5 software (Systat Software Inc., San Jose, CA). A Student t-test was used to compare data between normotensive and preeclamptic placentas. Significance was defined as a P value of ,0.05. À has been widely used as an index of NO production in vivo [27] . Levels of NO 2 À /NO 3 À in the placental samples were measured to determine if placental NO production in preeclampsia differs from that in normotensive controls. The levels of NO 2 À /NO 3 À in preeclamptic placentas were more than 4-fold greater (P ,0.05) than in normotensive controls (Fig. 1) .
RESULTS
NO
Protein S-Nitrosylation in the Placenta
In addition to NO 2 À /NO 3 À , S-nitrosothiols have also been identified as major NO-related products in biological systems [17] . More recently, formation of S-nitrosothiols, defined as Snitrosylation, has been rapidly moving to the center stage of cell signaling [28] . We used the BST to determine the total levels of placental SNO-proteins in both normotensive and preeclamptic pregnancies. The same amounts of placental homogenates were subjected to the BST, and the biotinylated proteins (hence SNO-proteins) were detected via immunoblotting with anti-biotin antibody. As shown in Figure 2 , the levels of total SNO-proteins decreased significantly in preeclamptic placentas compared to those in normotensive placentas. Also of note, the intensities of several bands (SNO-proteins) were altered by preeclampsia. Because nitrosylation of NOS3 and its regulatory protein, heat shock protein 90 (HSP90), decrease NOS3 enzymatic activity [29] , we further measured the levels of SNO-NOS3 and SNO-HSP90 that are important for NO biosynthesis. After BST was carried out, total SNO-proteins were measured with nitrate reductase, using a nitrate/nitrite colorimetric assay kit following the manufacturer's instructions (Cayman Inc.). Graphs summarize data (means 6 SEM, n ¼ 6) and compare by t-test. * P , 0.05 vs. normal control.
FIG. 2.
Detection of SNO-proteins in normotensive and preeclamptic placentas using SDS-PAGE is shown. Placental homogenates were prepared and subjected to the biotin switch reaction. The biotin-labeled SNO-proteins were detected by using 8% SDS-PAGE and immunoblotted with an anti-biotin antibody. The same amounts of total protein were loaded in each lane. Four samples of each group were analyzed. Graphs summarize data (means 6 SEM) and compare by t-test. * P , 0.05 vs. normal control.
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were captured by avidin resins and then subjected to immunoblotting with antibodies against NOS3 or HSP90 to specifically determine the levels of nitrosylated forms of NOS3 and HSP90. Levels of nitrosylated forms of both NOS3 and HSP90 were significantly lower in placentas from preeclamptic pregnancies than in those from normotensive controls. In these samples, total NOS3 and HSP90 levels did not differ between the two groups. Levels of b-actin, measured as sample loading control, did not differ between the two groups; however, nitrosylated b-actin was lower in preeclamptic placentas (Fig.  3) .
CyDye Switch/2D-DIGE Analysis of Placental Nitroso-Proteome
Based on results from the original BST [30] , we have recently developed a powerful proteomic approach using CyDye Switch combined with 2D-DIGE (CyDye Switch/2D-DIGE) for analyzing nitroso-proteomes [31] . Cy3 (green) and Cy5 (red) DIGE fluorophores were used to replace the NO group in the SNO-proteins in normotensive and preeclamptic placentas, respectively. Following 2D electrophoresis, the resulting gel was scanned in both the Cy3 and the Cy5 channels. The relative fluorescence intensities of the spots of interest were calculated as ratios of the Cy3-labeled normotensive and Cy5-labeled preeclamptic placentas and are summarized in Table 2 . Representative 2D-DIGE images of paired normotensive and preeclamptic placentas are shown in Figure 4 , which were also reproduced with two additional pairs of samples (see Supplemental Fig. S1 , available online at www.biolreprod.org). Many fluorescent spots (SNO-proteins) were visualized on the 2D-DIGE gel. As expected, many proteins were readily nitrosylated in placentas from both groups, and the levels of some were significantly altered by preeclampsia. The green spots on the 2D gel represent placental SNO-proteins whose levels of SNO were decreased by preeclampsia, whereas the red spots are placental SNO-proteins that were increased, and the yellow spots were unchanged by preeclampsia.
Because ascorbate at higher concentrations (.10 mM) has been shown to reduce disulfide bridges in low-molecularweight thiols [32] , we determined the effects of removing ascorbate from the labeling reaction mixture on total SNOprotein profiles labeled by biotin-HPDP under the buffer conditions of the original BST containing 0.4% 3-(3-cholamidopropyl) dimethylammonio-1-propanesulfonate [30] and 2.5% SDS or CyDye switch containing 7 M urea and 2 M thiourea [31, 33, and current study]. As shown in Figure 5 , the total SNO-protein profiles were quite similar under these conditions, although the intensities of some SNO-proteins differed among different labeling conditions. Moreover, addition of 1 mM DDT to reduce disulfide bridges resulted in markedly increased nonspecific labeling. These data imply that 1 mM ascorbate specifically reduces the S-NO bond under the CyDye switch conditions used in the current study, as it does in the original BST, without reducing disulfide bonds.
Identification of Placental SNO-Proteins by MALDI-TOF Tandem MS
According to the intensity and visibility of the spots on the 2D-DIGE image, as well as their changes associated with preeclampsia, we focused on 100 spots of interest. Levels of relative fluorescence of these SNO-proteins between normotensive and preeclamptic placentas were determined offline, using ImageQuant and DeCyder software, and then calculated.
Ratios whose levels of SNO were greater than 1 and with a P value of ,0.05 represented spots upregulated by preeclampsia; whereas ratios ranging from 0 to 1 and with P of ,0.05 represented spots decreased by preeclampsia. Based on these data, 200 lg of total proteins of both normotensive and preeclamptic placental samples were prepared by CyDye switch and run on newly prepared 2D-DIGE. After image acquisition, spots were matched with the analytic gel. The same 100 spots of interest on the new preparative gel were picked up. Each of the 100 spots picked up was in-gel digested with trypsin and then subjected to MALDI-TOF tandem MS (MS/ MS). Spot identification was performed based on peptide fingerprinting MS/MS spectra with the Mascot algorithm searching in the National Center for Biotechnology Information nonredundant Homo sapiens amino acid sequence database. Using a CI greater than 95%, we identified 46 of the 100 spots subjected to MS/MS analysis. All peptides that matched each of these spots are listed in Supplemental Table  S1 (available online at www.biolreprod.org). The identification of these SNO-proteins is summarized in Table 2 , in which ratios between the relative levels of all 46 identified SNOproteins are listed. Among the 46 SNO-proteins identified, expression levels of 15 SNO-proteins were significantly decreased, those of 6 SNO-proteins were decreased, and expression levels of the rest were unchanged by preeclampsia. Of note, we also identified eight novel SNO-proteins that have never been reported to date.
FIG. 3. S-nitrosylation of NOS3, HSP90
, and b-actin in normotensive and preeclamptic placentas. The biotin-labeled SNO-proteins were further subjected to avidin capture. SNO-proteins, as well as total protein, were then separated by using 8% SDS-PAGE and immunoblotted with specific antibody. Four samples of each group were analyzed. Graph summarizes data (means 6 SEM) and compares by t-test. * P , 0.05 vs. normal control.
PROTEIN S-NITROSYLATION IN HUMAN PLACENTA
Pathway Analysis of Placental SNO-Proteins
Pathway analysis was performed using Ingenuity software to explore the potential biological functions of the identified SNO-proteins in the placenta. As listed in Table 3 , pathway analysis suggested that the SNO-proteins identified are associated with various basic cellular physiologies, including viability, metabolism, cell cycle, signaling, and gene expression; DNA replication, recombination, and repair; and energy production, molecular transport, migration, and other functions. Many SNO-proteins are enzymes critical to protein synthesis, folding, posttranslational modification, and degradation.
DISCUSSION
Although the pathogenesis and etiology of preeclampsia remain largely undetermined, vascular and endothelial dysfunction in women with preeclampsia have been well documented [2, 3] . Because physiological levels of NO possess potent vasodilator, anticoagulation, and anti-inflammatory effects, the role that NO plays in pregnancy and how impaired NO biosynthesis and metabolism contribute to the pathogenesis of preeclampsia have been investigated intensively during the last 2 decades. It has been generally accepted that total NO synthesis capacity increases in normal pregnancy [4] ; however, the literature describing NO production in preeclampsia is not 3 À increase in preeclampsia [34] [35] [36] [37] [38] [39] ; however, our finding contrasts to others showing decreased [40, 41] or unchanged [42, 43] placental NO production in preeclamptic compared to normal pregnancies.
Once formed, the short-lived NO can be quickly converted to other more stable metabolites such as NO 2 À /NO 3 À with very low bioactivity [27] . Thus, the total NO 2 À :NO 3 À ratio has been widely used as an index of NO biosynthesis capacity in vivo. However, it is important to point out that NO also interacts with many other molecules to form relatively stable metabolites other than NO 2 À /NO 3 À such as proteins and metal ions [17] . For example, nitrosothiols represent an important class of stable NO derivatives that possess many NO-like biological activities. In biological systems, S-nitrosothiol formation and turnover may be of the greatest significance for the following reasons. First, interaction of NO with peptides or proteins may quench NO relative to its apoptotic effects when produced in excess [44] . Second, the relatively stable nitrosothiols can serve as a reservoir for NO, and when needed, NO can be released from this source to exert long-term biological activities [17] . Third, S-nitrosylation is a redox-sensitive and reversible posttranslational modification of proteins. Homologous to O-phosphorylation, S-nitrosylation regulates the activity of various proteins important for signal transduction [28] . Therefore, nitrosylation of proteins participates in the regulation of most if not all biological pathways [45] . Thus, in comparison to NO 2 À /NO 3 À , the level of S-nitrosothiols may be a more important indicator of NO bioavailability in vivo. We have found that the levels of total SNO-proteins are clearly decreased in preeclamptic compared to normotensive placentas. Meanwhile, significantly increased NO 2 À /NO 3 À in preeclamptic compared to normotensive placentas signifies that total NOS activity is increased in the preeclamptic placentas surveyed. However, decreased SNO-proteins in preeclamptic placentas suggest less bioavailable NO. Thus, it is possible that   FIG. 4 . Analysis of nitroso-proteomes in normotensive and preeclamptic placentas by CyDye switch/2D-DIGE. Total placental extracts (50 lg/sample) were assayed. Control samples were labeled with Cy3 (green), and preeclampsia samples were labeled with Cy5 (red). The samples were mixed (total, 100 lg) and then separated using analytical 2D-DIGE. The gel was scanned with a fluorescence scanner at different transmission and emission wavelengths for Cy3 (green, 548/560 nm) and Cy5 (red, 641/ 660 nm). The merged fluorescence image represents one of three separate experiments using samples from different placentas. Red, green, and yellow spots represent SNO-proteins that were increased, decreased, or unchanged by preeclampsia, respectively. The spots circled and numbered represent 46 SNO-proteins (Table 2) . Given the fact that oxidative stress is increased in preeclamptic placenta and that decreased NO bioavailability due to oxidative stress in endothelial cells leads to endothelial dysfunction [47] , our data suggest that NO metabolism is impaired in the preeclamptic placenta, thereby contributing to the causes of endothelial and vascular dysfunction.
S-nitrosylation of proteins was first discovered by Stamler et al. [17] , who found lM levels of SNO-albumin in circulating blood. However, research of protein nitrosylation has been hampered by difficulties in measuring the fragile S-NO bond until the BST was invented in 2001 [30] . In this method, the SNO group is first selectively reduced by ascorbate and then labeled with biotin, thus allowing SNO-proteins to be readily displayed, affinity purified, and identified. The specificity of this method has been recently confirmed [46] . Currently, this technique has been widely used for determining levels of nitrosothiols in various biological samples. Furthermore, several BST variants have been recently developed in which the biotin tag is replaced with fluorescent tags [33, 48, 49] . The fluorescently labeled SNO-proteins can either be visualized in situ by fluorescence microscopy [50] or they can be subjected to more powerful proteomic analysis such as 2D-DIGE [33] . The CyDye Switch/2D-DIGE method that we have developed offers a high-throughput proteomics approach to differentially display paired normotensive and preeclamptic placental nitroso-proteomes, as shown herein, and to identify the estrogen-responsive nitroso proteins in human umbilical vein endothelial cells [31] . Obviously, this method can be used for differential display of any paired nitroso-proteomes. However, our current method also has limitations because the same amounts of total proteins, but not SNO-proteins, from the paired samples were subjected to 2D-DIGE. The data obtained must be adjusted based on an algorithm to correct the difference of total SNO-proteins, and then a Cy5:Cy3 ratio of fluorescence intensities of the same spot is calculated to reflect the relative change in the protein between the samples. We are currently developing a method in which a fixed amount of a known protein nitrosylated in vitro is added at the labeling step as an internal control. This will assist data quantification and quality control of this system.
Although CyDye and Biotin-HPDP can be used for labeling SNO-proteins, these methods seem to have different affinities for each specific SNO-protein. For example, we have shown a major CyDye-labeled SNO-protein (Fig. 4, spot 31, albumin,   FIG. 5 . Total SNO-protein profiles labeled with biotin-HPDP, using the labeling conditions of the original BST protocol and CyDye switch in the presence and absence of ascorbate. Equal amounts of total placental protein extracts were subjected to biotin switch for labeling total SNOproteins under different conditions. Lane 1: samples were treated with 1 mM DDT and then subjected to biotin-HPDP labeling. Only 1 lg of total protein (1/20 of the other lanes) was loaded. Lane 2: original BST, without ascorbate removal before labeling; Lane 3: original BST, with ascorbate removal before labeling; Lane 4: BST using CyDye switch condition without ascorbate removal before labeling; Lane 5: BST using CyDye Switch condition with ascorbate removal before labeling. The proteins were resolved with 10% SDS-PAGE, transferred onto PVDF membranes, and then immunoblotted with an anti-biotin antibody. TABLE 3. Pathway analysis of the potential functionality of the human placental S-nitroso-proteins.
Biological functions
ÀLog (P value) a S-nitroso-proteins identified ;69 kDa) using 2D-DIGE; SNO-albumin may come mainly from blood in the placental tissues. However, when labeled with biotin, this protein is not picked up by Western blotting with anti-biotin antibody (Fig. 2) as strongly as it is when labeled with CyDye. These results imply that CyDye and biotin have different affinities when labeling specific proteins. Also, it is possible that different proteins may have different affinities to the same labeling tag. This idea is supported by a report by Santhanam et al. [51] , who used a mixture of known proteins including albumin to determine the efficiency of CyDye labeling. When a mixture composed of the same amounts of creatine kinase, bovine serum albumin, arginase I, and lysozyme was labeled with CyDye, the study found that albumin was labeled the strongest. Thus, both CyDye and Biotin-HPDP can be used to label SNO-proteins; however, the two methods seem to have different activities toward and affinities for each specific protein. Regardless, although each labeling method seems to have its own limitations, it is unlikely that the specific SNO-protein ratio between normotensive and preeclamptic placentas in our study is affected by using either the CyDye or the biotin labeling method. S-nitrosylation alters enzyme activity by either modifying cysteines of the enzyme or changing protein conformation [28] . Of particular interest in the NOS3-NO system, we have determined the levels of SNO-NOS3 in placentas from both normotensive and preeclamptic pregnancies. We have found that both NOS3 and its stimulatory protein, HSP90 [52] , were significantly less nitrosylated in preeclamptic placentas. Because nitrosylation inhibits the activity of NOS3 and HSP90 [29] , these findings further support the notion that the NOS3-NO system may be more active in preeclampsia, in which decreased nitrosylation of NOS3 and HSP90 provides a compensatory mechanism against the overall decreased NO bioavailability.
In the partial placental nitroso-proteomes identified herein, we have found that the expression levels of 15 SNO-proteins are lowered and that of 6 other SNO-proteins are increased by preeclampsia. Among these proteins are the peroxiredoxins (PRDXs), a family of ubiquitously expressed antioxidant enzymes that control intracellular superoxide levels, thereby affecting the participating signal transduction [53] . It has been reported that nitrosylation decreases the activity of PRDX, thereby lowering its antioxidant activity [54] . Of note, we have found that preeclampsia was associated with increased levels of SNO-PRDXs. Thus, our findings suggest that increased SNOPRDXs contribute to increased oxidative stress commonly seen in preeclampsia [47] . Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is a metabolic enzyme required for glycolysis, and nitrosylation of GAPDH has been linked to NO-induced apoptotic death [55] . Annexin, keratin, and b-actin are cytoskeleton proteins that are involved in cell migration; denitrosylation of these three proteins may be related to the inadequate trophoblast invasion in preeclampsia [56] . SNO-NOS3 is not identified in the partial nitroso-proteome, possibly due to its low abundance. However, SNO-HSP90 has been identified as a downregulated SNO-protein in the placental nitroso-proteome. This is consistent with the combined BST and avidin capture assay (Fig. 3) .
We also have identified eight novel SNO-proteins that have never been reported to date (Table 2 ). Apolipoprotein A-1 is the major protein component of high-density lipoproteins present in the plasma; it has a specific role in lipid metabolism [57] . Calpains are calcium-dependent cysteine proteases that are involved in signal transduction in a variety of cellular processes; for example, Calpain 6 might play a role in sex determination [58] . Human chorionic somatomammotropin is a polypeptide placental hormone; it modifies the metabolic state of the mother during pregnancy to facilitate energy supply to the fetus and has anti-insulin activities [59] . Hypoxiaupregulated protein 1 (also known as ORP150) belongs to the heat shock protein 70 family; overexpression of ORP150 in cultured neurons prevents cell apoptosis from hypoxemic stress [60] . Isocitrate dehydrogenases are enzymes that catalyze the oxidative decarboxylation of isocitrate to 2-oxoglutarate and participate in the citric acid cycle [61] . Clathrin facilitates the formation of small vesicles in the cytoplasm; clathrin-coated vesicles selectively sort cargo at the cell membrane, trans-Golgi network, and endosomal compartments for multiple membrane traffic pathways [62] . Protein kinase C substrate 80K-H is an acidic phosphoprotein known to be a substrate for protein kinase C and is associated with autosomal dominant polycystic liver disease [63] . The specific function of family with sequence similarity 82 (FAM82B) protein has yet to be determined. However, the functional sequelae of nitrosylation of these proteins are unknown and waiting for further investigation.
We have identified spots 1, 42, and 44 on the 2D gel (Fig. 4 ) as belonging to the same protein, annexin A2. However, it is intriguing that they display different nitrosylation changes in the normotensive and preeclamptic placentas. Nitrosylation of spot 1 (Fig. 4 ) is significantly decreased (ratio ¼ 0.75), whereas spots 42 and 44 (Fig. 4) are significantly increased (ratios are 1.34 and 1.80, respectively) by preeclampsia. Position shift of a protein on the 2D gel is usually a result of posttranslation modifications leading to a change in the isoelectric point of the protein [64] . Thus, these observations imply that preeclampsia can induce posttranslational modifications of proteins, such as changing the isoelectric point, which in turn leads to different outcomes in S-nitrosylation in placental proteins.
In summary, we have analyzed herein the nitroso-proteomes in normotensive and preeclamptic human placentas. Differential displays of the two nitroso-proteomes and pathway analysis of the potential function of the placental SNO-proteins identified imply that protein nitrosylation seems to play a critical role in regulating normal placental physiology and pathophysiology. This is because not only are numerous proteins nitrosylated in normotensive human placenta, but also the levels of a number of the placental SNO-proteins are altered by preeclampsia. To the best of our knowledge, our current study is the first to take a comprehensive proteomics approach for analyzing the global changes in protein nitrosylation in the placenta. Although the functional sequelae of the nitrosylated proteins identified in the current study and whether changes in SNO-proteins contribute to the pathogenesis of preeclampsia need to be determined, our current study signifies a critical next step in identifying the direct targets that are affected by NO in the placenta. We believe that further investigations of the functional sequelae of protein nitrosylation will be critical for advancing knowledge of NO biology in pregnancy.
